The band alignment of organic semiconductors on a nanoscopically patterned surface is investigated for submonolayer coverages to thin molecular films of bithiophene, using ultraviolet photoelectron spectroscopy and work function measurements. The Cu (110) -(2ϫ1)O stripe phase, used as a substrate, consists of alternating stripes of clean and oxygen passivated copper, with a respective stripe diameter of three to four times the molecular length. For the first molecular layer, a superposition of bithiophene spectra, offset from each other by 1 eV, reflecting the interface dipole differences on Cu ͑110͒ and Cu (110) -p(2ϫ1)O, was found. However, after completion of the second layer, the observed band alignment between the substrate and the overlayer is determined by the average interface potential and the underlying substrate pattern is obscured.
Organic electronic devices such as light-emitting diodes and displays have become available on the market place. For future organic electronic devices to meet the challenge in more sophisticated applications, structuring of these devices on a nanometer scale, where the dimensions of these structures become comparable to the molecular diameter, will be required. On the other hand, today's active organic films are often grown on inhomogeneous substrates, which may incur ''hot spots'' and/or ''cold spots'' in the device. The size of these inhomogeneities is comparable to the dimensions of the employed organic molecule.
One important parameter for the functioning of organic electronic devices in general is the barrier to charge injection, that is, the relative positions of the highest occupied molecular orbital and the lowest unoccupied molecular orbital of the active organic material with respect to the Fermi level of the inorganic contact. 1, 2 This barrier thus determines the so-called molecular band alignment. In a previous publication, we investigated the band alignment of bithiophene multilayer films on various, chemically different surfaces, for example, clean and S passivated Ni ͑110͒, clean and oxygen passivated Cu ͑110͒, Al ͑111͒, and polycrystalline Cs surfaces. 1 Our highly controlled experiments have shown that vacuum level alignment at the organic/inorganic interface is not the general case. Furthermore, no linear dependence between band alignment and substrate work function, as often implied by the literature, was indicated. Rather, the alignment of the organic film is specific to the particular interaction at the organic-substrate interface and is dominated by the interface dipole set up in the first molecular layer. While an abundance of studies on this macroscopic band alignment can be found in the literature ͑Refs. 1-4 and references therein͒, no investigations of the molecular band alignment on nanoscopically structured substrates yet exist. To this aim, we employed the nanostructured Cu (110) -(2 ϫ1)O stripe phase, a surface that consists of alternating stripes of bare copper and (2ϫ1) oxygen-reconstructed copper, running along the ͓001͔ surface direction, as a model substrate. Here, the respective stripe width can be tuned between 2 and 5 nm, simply by varying the oxygen exposure. 5, 6 In the present study the electronic band alignment of various thin bithiophene films on the Cu-O stripe phase with a respective stripe width of 3.5 nm was followed with ultraviolet photoelectron spectroscopy ͑UPS͒ and work function measurements. This model system is particularly suited for two reasons: firstly, the stripe diameter is of the same order of magnitude as our probe molecule bithiophene ͑3 to 4 times the molecular length͒ and secondly, the molecular orbitals of bithiophene on clean Cu ͑110͒ and on the p(2ϫ1)O reconstructed copper were found to be separated by nearly 1 eV. 1, 7 The experiments were performed in a UHV (1 ϫ10 Ϫ10 mbar base pressure͒ angle-resolving electron spectrometer, details of which can be found elsewhere. 7 The Cu-O stripe phase, used as a substrate for the presented experiments, was produced by exposing the clean Cu ͑110͒ surface to 2 L ͓1 Langmuir (L)ϭ1ϫ10 Ϫ6 Torr sec] of oxygen at 600 K. 6 This procedure yields a surface consisting of alternating stripes of bare copper and (2ϫ1)O-reconstructed copper with a periodicity of ϳ70Ϯ15 Å as seen in lowenergy electron diffraction ͑LEED͒. The work function of this surface, ϭ4.9 eV, as determined from the secondary electron cutoff in the UPS, is situated between the clean Cu ͑110͒, ϭ4.7 eV, and the fully (2ϫ1)O-reconstructed surface, ϭ5.1 eV. The measured work function being a simple area average of the local work functions 8 thus gives us a simple means to determine the ratio between the oxygen-reconstructed and the bare copper areas. It should be noted that the secondary electron cutoffs observed here are indeed very sharp and do not show steps reflecting the two different local surface potentials of the Cu and Cu-O areas, respectively. From the ratio of the clean Cu/Cu-(2ϫ1)O areas together with the periodicity of the Cu plus Cu-O stripes of 70Ϯ15 Å as observed in LEED, we can estimate the respective stripe width to be ϳ35 Å. This is in agreement with the literature, 5 where, for comparable oxygen coverages, the periodicity was found to be around 65 Å. Bithiophene was applied directly to the surface from a pina͒ Author to whom correspondence should be addressed; electronic mail: georg.koller@uni-graz.at APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 3 21 JULY 2003 hole doser out of a volume held at 370 K and 0.05 mbar. Exposures are quoted in arbitrary doser units ͑DU͒, where 1 DU corresponds to ϳ1 L. During the experiments the sample temperature was held at 90 K. Figure 1 shows a series of UPS spectra of bithiophene on a Cu (110)(2ϫ1)O stripe surface as a function of exposure at 90 K. As determined from thermal desorption measurements and the saturation value of the work function, the first monolayer is completed for exposures between 1 and 1.5 DU. The work function of the monolayer is ϭ4.15 eV, which is approximately the 1 : 1 area average between the bithiophene monolayer work functions on clean Cu ͑110͒ (ϭ3.7 eV) and on the (2ϫ1)O-reconstructed Cu ͑110͒ surface (ϭ4.55 eV). To determine the band alignment of the various bithiophene films we concentrate on band E, as it does not overlap with substrate features ͑e.g., the copper d-band͒ and consists of a single molecular orbital, the CuH orbital. 7 The binding energies of this orbital for bithiophene monolayer and multilayer films on the clean and (2ϫ1) oxygen reconstructed Cu ͑110͒ surfaces are also marked in Fig.  1 . For the UPS spectra presented in Fig. 1 , we can discern two different regimes: coverages below completion of the second monolayer (р2 DU) and coverages of more than two monolayers (у4 DU). In the low-coverage regime, all molecular orbitals appear broad, with the reference orbital band E being completely washed out for a bithiophene exposure of 2 DU. The noticeable exception here is the submonolayer coverage spectrum ͑1 DU͒, which appears similar to the submonolayer on the fully (2ϫ1) oxygen-reconstructed copper surface ͑see also below͒. The molecular features in the higher coverage spectra are well defined and distinct, with band E being energetically situated between that of a multilayer on clean copper and on oxygen-reconstructed copper.
The experimental results for coverages below two monolayers suggest that the observed UPS spectra are a superposition of two sets of spectra: bithiophene on clean copper and bithiophene on Cu-(2ϫ1)O. Accordingly, the bithiophene molecules adsorbed on the clean copper stripes feel the local surface potential of clean copper, while the molecules on the oxygen-reconstructed copper stripes are subject to the local surface potential of Cu-O. This is summarized in Fig. 2 . Here, the two bottom spectra ͑a͒ and ͑b͒ show a bithiophene monolayer ͑1.5 DU͒ on clean Cu ͑110͒ and on the fully reconstructed Cu (110) -(2ϫ1)O surface, respectively. All orbital emissions are offset by nearly 1 eV between the two surfaces, as marked for band E in the figure. Adding these two spectra results in a composite spectrum ͑c͒, which is remarkably similar to the spectrum recorded on the Cu-(2 ϫ1)O stripe phase ͑d͒. This indicates that we do observe the molecular band emissions from two clearly distinct band alignments. In many respects, the molecular emissions behave as a local work function probe, similar to the photoemissions of adsorbed xenon technique. 8 The noted similarity of the submonolayer exposure ͑1 DU͒ spectrum on the Cu-O stripe surface to the bithiophene submonolayer on the fully (2ϫ1) oxygen-reconstructed copper surface is explained simply by a weighting effect. In previous publications, 1, 7 we have observed that the orbital emissions of bithiophene monolayers on passivated surfaces were in- herently stronger than on the more reactive clean metal surfaces. Therefore, in the present case, the spectrum is dominated by the molecular features from the oxygen passivated stripes.
For coverages beyond two monolayers, the molecular orbital emissions become increasingly more distinct, and at three molecular layers, the shape of the UPS spectrum is that of a common bithiophene multilayer spectrum, as shown in Fig. 3 . However, the binding energies of the bithiophene multilayer features on the Cu-O stripe phase ͓curve ͑d͔͒ are situated exactly between those of a multilayer on clean Cu ͑110͒ ͑a͒ and a multilayer on the Cu (110) -p(2ϫ1)O surfaces ͑b͒, clearly showing that for higher exposures, the resulting UPS spectrum is not an overlap of the two spectra offset by their respective interface dipoles. This is illustrated in Fig. 3 . The weighted sum of spectra ͑a͒ and ͑b͒, resulting in spectrum ͑c͒, does not correspond to the observed spectrum ͑d͒ of the multilayer film on the Cu-(2ϫ1)O stripe phase. Differences are observed for all orbital emissions ͑some are highlighted by the arrows͒, but are best seen for the C-H orbital E, where a minimum instead of a peak is found. This indicates that the bithiophene molecules of the third molecular layer do not feel the local surface potential of the Cu and Cu-O stripes any longer, but instead are energetically aligned to the average interface potential. Further support for this conjecture is given by the fact that all molecular valence band orbitals on the three surfaces shown in Fig. 3, viz. clean Cu ͑110͒, Cu (110) -p(2ϫ1)O, and Cu-(2ϫ1)O stripe phase, have the same binding energy with respect to the vacuum level of the respective multilayer ͑e.g., for the C-H orbital E Bind. ϭ14.5Ϯ0.1 eV).
In this letter, we have investigated the band alignment of bithiophene layers on the Cu (110) -(2ϫ1)O stripe phase surface with a respective stripe width of 3.5 nm (ϳthree times the molecular length͒ from submonolayer coverages to films of several molecular layers thick. The results show that in the first two monolayers, the electronic bands are aligned by the local surface potential of the individual stripes, resulting in a superposition of UPS spectra. The nanoscopic substrate pattern is therefore imprinted into the molecular film. For thicker layers, the band alignment is determined by the average interface dipole potential, as demonstrated by a uniform UPS spectrum. This suggests that for present day devices small inhomogeneities of the substrate will have only minor influences as they are averaged out within the first few molecular layers. For future laterally nanostructured devices, the active organic film will have to be very thin, of the order of only a few monolayers, to have the substrates' nanopattern reproduced. 
